Electrospun fibers are explored as a new system for controlled drug delivery. Novel techniques capable of obtaining polymer nanofibers have been reported in the literature. They include solution blow spinning (SBS), which is a technique to produce polymer nanofibers in the same range as electrospinning, using pressurized gas instead of high voltage. The present study investigates release characteristics of diclofenac sodium encapsulated at three concentrations (5, 10, and 20% w/v) in poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) nanofibers made by electrospinning and SBS and determines the drug's effect on fiber morphology and structural properties. PHBV nanofibers were characterized using scanning electronic microscopy, differential scanning calorimetry, and X-ray diffraction, and the release profile was examined via UV-Vis spectrophotometry. Both electrospinning and SBS encapsulated diclofenac sodium in PHBV membranes efficiently and effectively. The profile of the in vitro release of diclofenac sodium was dependent on drug concentration and temperature. The drug reduced crystallinity and increased flexibility.
Introduction
Drug delivery control systems have received increased attention in the pharmaceutical treatment of animals as they afford several advantages compared to conventional forms of dosage, including enhanced therapeutic efficacy and low toxicity when the drug is released at a controlled rate [1] . Generally, the release time of the drug needs to be prolonged for days or several months. This can be attained by entrapping the drug within polymer structures for delivery control at reproducible rates [2] . Depending on the type of carrier used, dissolution of the pharmaceutical dose can be characterized as immediate, rapid, slow, or prolonged [1] .
The majority of veterinary drug delivery systems are produced from nondegradable polymers such as silicon, polyurethane, and acetate-vinylidene copolymers. These materials, approved by government regulators, are biocompatible, inert, and expensive. Interest in biodegradable polymers as delivery control systems for veterinary applications has increased as they do not require removal following treatment. These biodegradable systems suffer degradation and can be rapidly expelled by the body. They can provide significant benefits such as reductions in cost and stress on the animal. At present, however, few biodegradable drug delivery systems are commercially viable for veterinary use as factors such as product cost, regulatory burdens, and the instability of some formulations have limited their development [2] .
It is important to know if the drug delivery system is intended for the treatment of domestic animals or livestock, the principal applications of veterinary medicine. Biodegradable systems of drug delivery for veterinary use as microspheres and implants, including in situ, have been tested for temperature control, growth, ectoparasitic control, vaccine and antibiotics delivery, and use as antiparasitic agents and steroids for fertility control [2, 3] .
Electrospun nanofibers have been developed from several synthetic materials such as copolymers, natural polymers, and blends, including proteins. The use of copolymers is a viable means to generate new materials with desired properties, which can constitute an improvement in comparison to those of homopolymers [4] . As a result of its low thermal stability, rigidity, and low stress resistance, PHB polymer is not commonly used in industrial applications. The introduction of 3-hydroxyvaleric acids to PHB forms the PHBV copolymer, which is more flexible, malleable, and less crystalline; it enables a lower melting point and greater processability than PHB [5, 6] . This copolymer can be used to prepare films with excellent physical, mechanical, and chemical properties, which can be processed at low temperatures. Electrospun fibers have been explored as a system for drug delivery control [1] . Nanofibers have been used as drug delivery systems because of their functional characteristics, capacity to deliver drugs in specific targets, and improved dissolution rates in particular drugs through increased surface area [2] . Another advantage of nanofibers is their ability to encapsulate diverse drugs. In view of their high surface energy and porous structures, electrospun nanofibers are used in many fields such as medicine, veterinary medicine, biosensors, solar cells, tissue engineering, nanocomposites, catalysts, and antimicrobial materials and membranes [1] .
PHBV has replaced the use of plastics derived from petroleum in various applications such as food packaging. PHBV is also used in drug delivery systems in medicine, veterinary medicine, and agriculture [5, 7] . Anti-inflammatories are drugs that have the capacity to control inflammation, act as analgesics, and prevent fever [8] . Diclofenac sodium is recommended for human and animal use in cases of pain, fever, and inflammation [9, 10] .
The majority of commercial microfibers and nanofibers are produced by melt spinning [11] , solution spinning [12] , and melt blowing [13, 14] , while nanofibers are produced by electrospinning [15] [16] [17] and solution blow spinning (SBS) [18] [19] [20] [21] [22] on a noncommercial scale. Electrospinning process is an electrohydrodynamic phenomenon capable of producing fibers with diameters ranging from micrometers to nanometers [17] . The development of new techniques capable of obtaining polymer nanofibers has been reported [18] . Methods such as solution blow spinning seek to exceed the productivity of electrospinning. SBS uses a matrix comprised of concentric channels with optimized geometry that enables the production of polymer nanofibers. Whereas electrospinning uses high voltage, SBS uses pressurized gas. The latter technique provides such advantages as high productivity, low operational cost, and the absence of an electric field and is 100 times faster than electrospinning [18] [19] [20] [21] [22] ; see Figure 1 .
The present study investigates the release characteristics of diclofenac sodium encapsulated in poly(3-hydroxybutyrate-co-3-hydroxyvalerate) nanostructured membranes by electrospinning and SBS and considers the effect of this encapsulation on the morphology and structural properties of PHBV nanofibers.
Materials and Methods

2.1.Materials.
Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) was obtained from Natureworks (São Paulo, Brazil). Diclofenac sodium and hexafluoroisopropanol were purchased from Sigma-Aldrich. Hexafluoroisopropanol was used as solvent to prepare the polymeric solutions. The chemical structures of polymer and drug are illustrated in Figure 2 .
Preparation of Solutions.
To prepare solutions, amounts of PHBV were weighed and dissolved in hexafluoroisopropanol (8% wt) under vigorous stirring for several hours until complete dissolution was attained. Diclofenac sodium was also weighed and added to PHBV solutions at different ratios (5, 10, and 20% w/w) to study its controlled release.
Figure 2: Chemical structures: poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) (a) and diclofenac sodium (b). . An SBS apparatus comprised of two concentric nozzles, whose protruding inner nozzle had a diameter of 0.5 and a length of 2 mm, was used. Fibers prepared by electrospinning were spun at a distance of 12 cm and rate of 0.4 mL⋅h −1 using a voltage of 25 kV.
Characterization of Spun Fibers.
Fiber morphology was observed using a model JSM-6510/GS scanning electron microscope (JEOL, Germany) after gold-coating with a SCD 050 sputtering system (OerlikonBalzers, Liechtenstein). Fiber diameter was measured with the aid of image software (Image J, National Institutes of Health, USA) for some 100 random measurements using micrographs representative of fiber morphology. For characterization by X-ray diffraction (XRD), pieces of fiber were collected from webs on aluminum foil and wrapped around circular glass slides. X-ray diffraction patterns were recorded using a XRD-6000 diffractometer (Shimadzu, Japan). Scans were made in a 2 scale from 10 ∘ to 30 ∘ at a rate of 2 ∘ /min using Ni-filtered CuK radiation. The width of the diffraction peaks at half-maximum height was calculated by applying a Gaussian-Lorentzian function (Microcal Origin, USA) to the XRD data. The -spacing for a given scattering angle, 2 , was calculated by applying the Bragg equation:
where is the wavelength of the CuK radiation ( = 0.154 nm). The width of the diffraction peaks at halfmaximum height was calculated by applying a Lorentzian function to the XRD data, and the crystallite size, , was estimated by calculating the width of the diffraction peaks according to the Scherrer equation:
where is a constant that depends upon lattice direction and crystallite morphology and is the full width at halfmaximum height given in radians. The study used value of 0.9, based on values found in the literature for these polymers.
Differential scanning calorimetry studies were performed using a model Q100 calorimeter (TA Instruments, USA) under nitrogen atmosphere at a flow rate of 80 mL/min. Each sample was first heated from 0 ∘ C to 180 ∘ C at 10 ∘ C/min, held for 2 min, cooled to 0 ∘ C at 10 ∘ C/min, and finally reheated to 180 ∘ C at 10 ∘ C/min.
In Vitro Drug
Release. The amount of diclofenac sodium released was monitored at = 280 nm using the following process: 50 mg of spun mat or film was placed in a 50 mL phosphate buffer of pH 7.4 and shaken in a water bath at room temperature (20 ∘ C) and normal body temperature (37 ∘ C); then 3 mL was collected for analysis and returned to the release medium. The cumulative amount of diclofenac sodium released over time was calculated. Figure 3 shows the morphology of the PHBV nanofibers obtained by electrospinning at different concentrations of diclofenac sodium.
Results and Discussion
Scanning Electronic Microscopy.
The PHBV polymer containing diclofenac sodium at different concentrations (5, 10, and 20%) demonstrated morphology predominantly composed of nanofibers with diameters of approximately 500 nm. This demonstrates the formation of PHBV nanofibers by electrospinning. Figure 4 shows the morphology of PHBV nanofibers obtained by solution blow spinning at different concentrations of diclofenac sodium.
The PHBV polymer containing diclofenac sodium at different concentrations revealed morphology predominantly composed of nanofibers with approximately 500 nm diameters. This demonstrates the formation of PHBV nanofibers by solution blow spinning. Table 1 exhibits the average diameters of PHBV nanofibers produced by each process. Note that the average diameters of PHBV nanofibers produced by solution blow spinning are smaller than those produced by electrospinning. This fact can be related to forces involved in the fiber formation in each process. During fiber formation by SBS, a jet of polymer solution is subjected to aerodynamic drag. As this jet travels through the air, the solvent evaporates, leaving behind ultrafine polymer fibers. The shear forces that act upon the polymer solutions are therefore responsible for fiber stretching and, ultimately, for fiber diameter distribution. In contrast, fiber formation in electrospinning is controlled by electrostatic repulsive forces that overcame surface tension, while a charged jet is ejected through a needle to produce fibers. Stretching by electric forces taking place on the surface of the jet is an important step during fibers formation. Therefore, in electrospinning, fiber formation is more dependent on surface tension [20] .
PHBV nanofibers produced by SBS exhibit a transparent visual aspect, while PHBV nanofibers produced by electrospinning are opaque; see Figure 5 .
This distinction could be related to chain orientation, which differs in each process. According to Oliveira et al., an additional factor that may contribute to this difference could be the time expended [20] . Solution blow spinning is approximately 10 times faster than electrospinning and yields a greater amount of polymer. The higher speed and characteristic forces of SBS likely favor chain orientation that leads to a higher crystallinity than electrospinning. Accordingly, nanofibers produced by electrospinning and SBS can be suitable for different applications as a result of their distinct optical properties. Table 2 details the thermal behavior of the PHBV nanofibers containing diclofenac sodium produced by electrospinning and solution blow spinning.
Differential Scanning Calorimetry.
As can be seen in Table 2 , values are reduced with the addition of diclofenac sodium at different concentrations using electrospinning and SBS. This demonstrates that the drug can act as a plasticizer, increasing the flexibility of PHBV nanofibers. Plasticizers are an important class of nonvolatile compounds of low molecular weight used as additives in the thermoplastic industry. Their principal function is to improve the flexibility and processability of polymers, for example, by reducing vitreous transition temperature ( ) [23, 24] . The addition of plasticizers also increases the flexibility of films as a result of their presence between polymer chains, which reduces intermolecular interactions through chain separation, thus promoting mobility [24] . These additives reduce the tension of deformation, hardness, density, viscosity, and electrostatic load, while increasing the flexibility of the polymer chain, fracture resistance, and the dielectric constant [25, 26] . Other properties affected include crystallinity, optical characteristics, electric conductivity, and biologic degradation resistance [27, 28] . Since the nanofibers' properties attained by solution blow spinning are analogous to those obtained from electrospinning, it is evident that SBS is an efficient and effective drug delivery system. Figure 6 shows the X-ray diffraction pattern of PHBV nanofibers encapsulating diclofenac sodium obtained by electrospinning (ES) and solution blow spinning (SBS).
X-Ray Diffraction.
In all cases, the two peaks at about 2 = 13.4 ∘ and 16 ∘ have to be associated to the PHBV component, corresponding, respectively, to the (020) and (110) reflections of the orthorhombic unit cell [29] [30] [31] . It can be observed that all samples exhibit peaks in the same region. So, modification was not observed in the crystalline structure of the polymer. These XRD results indicate that crystalline structure of the polymer was not affected by addition of diclofenac sodium at different concentrations too in both processes (ES and SBS). Tables 3 and 4 detail the interplanar distances and crystal diameters of these PHBV nanofibers, respectively. The interplanar distances are not affected by the presence of diclofenac sodium in either technique. As the crystal diameters vary, however, it is likely that there was insufficient time to form perfect crystal as a result of their rapid solidification. Diclofenac sodium is probably acting on and within the crystals. 
In Vitro Drug
Release. Figure 7 demonstrates the release profile of PHBV nanofibers containing diclofenac sodium at two different temperatures, namely, 20 ∘ and 37 ∘ C. Table 5 exhibits the rates of diclofenac sodium released at different concentrations and temperatures.
In each process, the release rate of diclofenac sodium is higher at 37 ∘ C than at 20 ∘ C. This phenomenon is anticipated as the release rate from the PHBV membrane is diffusion dependent, and the diffusion rate increases with a rise in temperature [32] [33] [34] . Moreover, anti-inflammatory drug delivery depends on drug concentration in the nanofibers in which increasing amounts of drugs gave rise to higher release rates.
Conclusion
An innovative system of drug delivery from PHBV nanofibers' membranes produced by slow blow spinning was compared with electrospinning. Both processes proved efficient and effective in encapsulating diclofenac sodium in nanofiber membranes. Diclofenac sodium impacts physical properties (crystallinity, interplanar distance, and crystals diameters) and improves flexibility. These properties are analogous for PHBV nanofibers produced by either process.
The in vitro release of diclofenac sodium depends on temperature and drug concentration in the nanofibers. The development of PHBV membranes encapsulating diclofenac sodium could be useful in creating new commercial markets with potential applications in controlled-release devices in human and veterinary medicine.
